The corrosion inhibition process of phosphonic-acid based inhibitor blends (Corin P22SU), on mild steel corrosion in simulated cooling water (SCW) containing chloride ion has been investigated using electrochemical methods (impedance spectroscopy (EIS), open circuit potential (OCP) and visual characterization). The synergistic effect on the inhibition efficiency of the commercially produced (Corin P22SU) inhibitor with different concentrations of nitrite was examined. Inhibition activity increases with the increase of Corin P22SU concentration. The experimental parameters were concentration of the inhibitor, and soaking time. P22SU inhibits mild steel corrosion in near neutral and alkaline (pH  6) SCW. Inhibitive action was increased with the increase of soaking time up to six hours and afterwards. Based on the experimental results, mechanisms of action of Corin P22SU on mild steel corrosion inhibition in SCW have been proposed.
Introduction
Although many methods have been employed to prevent the corrosion of steel but the use of inhibitor is the most convenient and economic method in liquid containing system such as in boiler, condenser, heat exchanger, pipe lines, petroleum industries and other chemical process industries [1] [2] [3] . Due to stricter environmental regulations, the applications of hazardous and toxic chromate based inhibitors in open industrial systems have been restricted or banned [4] [5] [6] [7] [8] . Therefore, attention was focused on the development of substitute nontoxic alternatives to inorganic inhibitors applied earlier.
Passivating inhibitors are the most efficient inhibitors used in cooling water systems [9, 10] . Passivators, which noticeably shift the potential of a metal to a more noble (positive) value by a virtue of forming a protective oxide film on the metal anodic sites, are widely used because of its effectiveness on corrosion of steels and other alloy systems, compared to other types of inhibitors [1, [9] [10] [11] . However, in general, passivating inhibitors can actually cause pitting and accelerate corrosion when concentrations fall below minimum limits [1, 9] . For this reason, passivators must be applied with caution.
Synergism, which implies applying multicomponent inhibitor mixtures, can play a big role in developing more efficient, less toxic chemicals and at lower concentrations blend as corrosion inhibitors with optimal anticorrosion effect [12] . Corin P22SU is a blend of corrosion and scale inhibitors, which contains some organic acids (potassium salt of hydroxy-ethane-diphosphonic acid (HEDP)), inorganic additives, and potassium phosphates. The inhibition effect is based on the synergistic effect of the inorganic and organic components and on the film forming capability.
The aim of this study is to investigate the inhibition effect of Corin P22SU inhibitor against carbon steel corrosion in chloride containing model solution. The inhibition effect will be followed for 3 days of immersion time by electrochemical impedance spectroscopy (EIS). Furthermore, information on the mechanism of inhibitory action was obtained from EIS spectra.
Experimental procedures
Electrochemical experiments were performed using a three-electrode cell of 500 cm 3 volume at room temperature. The working electrode was carbon steel embedded into epoxy resin, the counter electrode was platinum net, and reference electrode was a saturated calomel electrode (SCE).
Electrolytes
Simulated cooling water (SCW) compositions were used as electrolytes and were prepared as shown in Table 1 . Concentration of the inhibitor: 1000, 2000 and 3000 ppm.
Electrode material
Carbon steel electrode: A38 (Fe235B, according to MSZ-500-1989): C: 0.17%, P: 0.045%, S: 0.045%, N: 0.009%, Fe: balance. 
OCP and EIS measurements
The protective effect of different inhibitor concentrations was followed by measuring the OCP and the EIS spectra in time. The WE electrode was wet-polished with SiC papers (grit sizes of 800 and 1200), rinsed with acetone and double distilled water, then immersed in the electrolyte solution. Measurements were performed at room temperature according to the procedure described in ASTM G5-14 standard [13, 14] . EIS tests were carried out using Solartron 1286 Potentiostat and 1250 FRA. A potential sine wave with 10 mV amplitude was used to perturb the system with long autointegration, measuring 10 points/decade. The applied frequency range (time necessary to measure the impedance spectra) was previously optimized according to the change of OCP in time. Different frequency ranges were used (from 10 kHz to 10 mHz; from 10 kHz to 2 mHz; or 10 kHz to 1 mHz) depending on the speed of the shift of open circuit potential, and shape of impedance spectra. Namely: If the open circuit potential is shifting faster, shorter frequency range may be used, since the difference between the open circuit potential and bias should not be larger than the amplitude of the inlet potential signal during the whole measurement time. Otherwise the impedance spectra are corresponding not to the free corrosion but to the polarized dissolution.
Impedance spectra were measured in time with batch mode in order to monitor the change of inhibitor effect in time for 3 days:  Open circuit potential was measured during the first hour of immersion, and the first impedance spectrum was measured after it between the frequency range of 10 kHz -10 mHz.  The second impedance spectrum was recorded after 2 hours of immersion.  Further, minimum 90 min waiting time was applied between measurements of impedance spectra.
The quantitative analysis of the experimental impedance data was performed by the non-linear least square minimization method using a theoretical transfer function.
The polarization curves in uninhibited and inhibitor-containing solutions have been detected after 1 h of immersion time with a sweep rate of 10 mV/min using Solartron 1286 Potentiostat. Anodic and cathodic curves have been measured separately; starting the measurement from the open circuit potential to +500 mV or to -1400 mV, respectively. No IR compensation has been used during the measurements.
Images of the electrodes were made in order to visualize the corrosion and inhibition effects.
Results and Discussion

Effectiveness of Corin P22SU.
The inhibition efficiency of Corin P22SU inhibitor has been investigated in three different concentrations: 1000, 2000, and 3000 ppm.
The change of corrosion potential of steel in time during the first hour of immersion is presented in Figure 1 . It is seen that after a short transition time (5-10 min) the corrosion potential is increasing, indicating the protective anodic inhibitor film formation. In all concentrations, the corrosion potential is larger than that of the blank (inhibitor free) solution. The tendency of the change of potential (continuous shift of potential from active to pre-passive potential range) in solutions containing 2000 ppm or 3000 ppm inhibitor indicate the good quality of the formed inhibitor film. The change of corrosion potential in time and difference of corrosion potential of steel in inhibited and uninhibited solutions give good indication on the inhibition effect of inhibitors. Usually, applying anodic inhibitors, the higher the shift of corrosion potential to anodic direction, the higher the inhibition efficiency may be estimated. (This relationship between corrosion potential and inhibitor efficiency may not be applied to mixed type inhibitors).
The long-term change of corrosion potential of steel in inhibited and uninhibited solutions during 3 days (measured always before each impedance spectra) is plotted in Figure 2 . It is seen that in case of 2000 ppm and 3000 ppm inhibitor concentration the corrosion potential reach -200 mV -150 mV values after approx. 20 hours of immersion. This is due to the building of protective layer, and the steel surface has been passivated. Thus the inhibitor layer formation is largely time-dependent, min. 20 hour is necessary to reach good corrosion inhibition of steel.
On the other hand, no passivation of steel is observed in solution containing 1000 ppm inhibitor, although the potential is still larger (more noble) than that of the inhibitor-free solution, indicating that the steel is inhibited in some extent (Figure 2) .
Impedance spectroscopy measurements were performed at open circuit potential in time, in order to follow the protective inhibitor layer formation, and numerization the corrosion protection effect. Figure 3 shows a typical impedance spectrum of steel in inhibitor containing solution. The measured spectra were fitted to a general equivalent circuit model which contains the information about the charge transfer process, and protective film properties, too.
The equivalent circuit models used to fit impedance spectra and examples of fitting accuracy have been shown in Figure 4 . The polarization resistance of steel in inhibited and uninhibited solutions has been determined from impedance spectra measured at open circuit potential in all cases. The changes of R p values during 3 days of immersion are presented in Figure 5 .
The polarization resistance of steel in uninhibited model water is reaching a constant value of 1.8 k·cm 2 after 5 hours of immersion ( Figure 5 ), which is generally obtained in near neutral solutions for steel corrosion, independent on the composition of supporting electrolyte and exact composition of mild steel, and determined mostly by the diffusion controlled oxygen reduction. The presence of Corin P22SU inhibitor in all investigated concentrations increased the polarization resistance of steel in the chloride containing model water. Higher the applied inhibitor concentration, higher the polarization resistance is obtained.
In the presence of 1000 ppm inhibitor, continuous increase of polarization resistance is taking place, approaching the value of 100 k·cm 2 during 3 days of immersion time ( Figure 5 ). From the change of R p we can conclude that the inhibitor film formation at this Significant increase of polarization resistance was obtained applying higher inhibitor concentration, 2000 ppm and 3000 ppm. The R p is higher than 100 k·cm 2 even after 1 hour of immersion time, and its value is increasing further, approaching the value of 10 M·cm 2 after 1 day of immersion. The inhibitor at these concentrations passivate the steel for one day, parallel, the corrosion potential is reach the value of -175 mV, but this extremely large inhibition is not stable. After one day of immersion decrease in inhibition effect was observed and the polarization resistance decreased to 400-500 k·cm 2 , which means that the inhibition efficiency is 99.5% in the time interval of 1-3 days (Figures 5,  6 ). This decrease in polarization resistance is indicating that in the presence of chloride ions the passive film is not stable, breakdown of protective film is taking place.
Comparing the pictures of steel surface after 3 days of corrosion (Figure 7) , it can be found, that the corroded area decreased due to the addition of 1000 ppm inhibitor, but the surface was not protected completely, although the 98% inhibitor efficiency is large enough, since for most cooling water systems the standard requirement is 95% protection. The best inhibition was obtained in the case of applying 3000 ppm inhibitor concentration. The decrease in inhibition efficiency after one day may be eliminated by continuous dosing of inhibitor into the system or addition of extra passivating agent (such as nitrite) into the solution.
The inhibitor efficiency values has been determined using the following formula:
Model water2000 ppm 3000 ppm Figure 7 . Pictures of steel surface after 3 days of corrosion in SCW without and with Corin P22SU inhibitor at different concentrations.
Mechanism of inhibition
Information on the mechanism of inhibition may be obtained by recording and comparing the polarization curves of inhibited and uninhibited solutions. It is seen in Figures 8 and 9 that in the presence of inhibitor the corrosion potential shifts to the anodic (more noble) direction, indicating the anodic nature of investigated inhibitor composition. In the uninhibited solutions, the following electrochemical reactions are taking place:
cathodic oxygen reduction:
and cathodic hydrogen evolution:
The polarization curve measured in uninhibited solution shows that the anodic halfreaction (iron dissolution) is charge transfer controlled process. The cathodic part of polarization curve is composed of two electrochemical reactions. The oxygen reduction is diffusion controlled reaction (determining the polarization curve between the potentials of -0.616 to -1 V), while the hydrogen evolution, which is taking place at potentials lower than -1 V, is charge transfer controlled process.
The presence of inhibitor influences the kinetics of all electrochemical reactions: the iron dissolution, the oxygen reaction and the hydrogen evolution, too. The corrosion inhibition is under mixed control, with more pronounced anodic effect.
The oxygen reduction is also decreased due to the inhibitor, and is not diffusion controlled anymore near to the open circuit potential. This means that most likely the inhibitor influences the charge transfer process of oxygen reduction itself, and not only the oxygen diffusion by forming a diffusion barrier layer.
The hydrogen evolution process was blocked by the inhibitor; the current densities are lower in inhibited solutions than that of the uninhibited solution at potentials lower than -1 V.
The largest effect may be seen on the anodic reaction, the iron dissolution is decreased significantly due to the inhibitor addition. This indicates the formation of goodquality inhibitor film, which blocks the active sites of metal surface in a large extent. Furthermore, the Tafel-slope is increasing in the presence of inhibitor, suggesting that a passive-type layer has been formed on the metal surface.
It is to be mentioned that at a given anodic potential, at a so-called pitting potential breakdown of protective layer is taking place due to the large anodic polarization. This characteristic potential indicates that pitting type corrosion starts at this and larger potentials. The resistance against pitting may be characterized by the difference between the corrosion potential (E corr ) and pitting potential (E pit ). Larger the difference, more resistant against the pitting is the metal.
The corrosion potential of steel in inhibitor containing solution is increasing in time as shown in Figure 10 , thus the difference between the corrosion potential and pitting potential is decreasing in time. Although the polarization resistance ( Figure 11 ) and inhibition efficiency is increasing as the inhibitor film formation is completing in time, the shift of corrosion potential to the anodic direction due to the formation of anodic type inhibitor film may cause increased risk of localised corrosion. This is why after 2 days of immersion time, reaching the corrosion potential the value of -175 mV, some decrease in protection effect was obtained. This is a usual behaviour of anodic type inhibitors, therefore continuous dosing, or monitoring of inhibitor concentration is often applied in water circulations. This effect may be also eliminated by adding another inhibitor component such as nitrite to the system.
The inhibitor efficiency has been calculated by the following formula average of the corrosion current densities calculated from anodic and cathodic fit were taken into account): 
Conclusions
The results have shown that Corin P22SU inhibitor is an efficient inhibitor of steel in high chloride containing solutions. The inhibitor efficiency is largely depending on the inhibitor concentration. The inhibitor film formation is time dependent, at least 1 day of immersion time is necessary to reach the optimal protection of steel under the experimental applied in our investigations. The inhibition is under mixed control with more pronounced anodic effect. Due to the anodic type of inhibition, risk of localised corrosion may occur, which is a usual problem. Care should be taken by controlling the inhibitor concentration or by the addition of synergistic components of cathodic type in order to eliminate this risk.
